T he important roles of the menisci are well understood and include load bearing and shock absorption important for integrity of articular cartilage [1] [2] [3] . The risk of tibiofemoral arthrosis after meniscectomy has been demonstrated [4] [5] [6] and is increased in knees with a deficient anterior cruciate ligament (ACL) [7] [8] [9] [10] and lower-limb axial malalignment. Meniscal transplantation has been performed for many years in an attempt to provide some load-bearing function and chondroprotective effects to the tibiofemoral joint 11 . Investigations have disagreed on outcome and success rates and, to our knowledge, few long-term studies have been published to date [12] [13] [14] [15] [16] [17] [18] [19] . The results of forty cryopreserved meniscal transplants in thirty-eight patients followed for a mean time of 3.3 years (range, two to 5.7 years) were previously reported 20 . The characteristics Disclosure: One or more of the authors received payments or services, either directly or indirectly (i.e., via his or her institution), from a third party in support of an aspect of this work. None of the authors, or their institution(s), have had any financial relationship, in the thirty-six months prior to submission of this work, with any entity in the biomedical arena that could be perceived to influence or have the potential to influence what is written in this work. In addition, no author has had any other relationships, or has engaged in any other activities, that could be perceived to influence or have the potential to influence what is written in this work. The complete Disclosures of Potential Conflicts of Interest submitted by authors are always provided with the online version of the article.
of the transplants were rated as normal in seventeen knees (43%), as altered in twelve knees (30%), and as failed in eleven knees (28%). Significant improvements were found for symptoms, the patient's perception of the knee condition, and daily and sports activities according to the Cincinnati Knee Rating System 21 . The purpose of the present study was to determine survivorship rates and long-term functional outcomes in this same cohort. In both the prior study and the current study, 100% patient follow-up was obtained.
Materials and Methods

I
nstitutional review board approval was previously obtained, including for a long-term assessment of patients who underwent meniscal transplantation from November 1995 through March 2000. All patients provided signed informed consent. The mean age at the time of surgery was thirty years (range, fourteen to forty-nine years). The mean follow-up duration for all forty transplants, using either the time of failure of the operation or the most recent examination, was 11.0 years (range, 0.2 to 17.7 years). All patients in whom the meniscal transplant had initially survived from the first study and who had not undergone a subsequent operation were contacted to return for an evaluation. Eleven of forty meniscal transplants failed in the initial study. Subsequently, eleven other transplants required reoperations before this long-term study was initiated (Fig. 1) . This left eighteen transplants in eighteen patients who completed a long-term evaluation at a mean time of 13.7 years postoperatively (range, 8.4 to 17.3 years). Nine of these patients had an isolated transplant and nine had a concurrent procedure with either an osteochondral autograft transfer to the affected tibiofemoral compartment (seven patients) or knee ligament reconstruction (two patients).
Surgical Procedures
The indications and contraindications of meniscal transplantation were discussed in our prior report, as well as details on the operative procedure and rehabilitation program 20, 22 . Bone-meniscus-bone implants were used (lateral, bone slot; medial, two-tunnel technique) with arthroscopic inside-out suture techniques. The transplants were obtained from CryoLife (Kennesaw, Georgia); immune response was not assessed.
Clinical Evaluation
A comprehensive examination included assessment of tibiofemoral joint pain on palpation and during joint motion, palpable meniscal displacement during joint compression and distraction, and rotation and flexion tests (the McMurray test). The examination also included an evaluation of the patellofemoral joint, knee stability, and gait abnormalities. The results were rated according to the International Knee Documentation Committee (IKDC) objective evaluation form 23 .
Radiographic Evaluation
The tibiofemoral joint space was evaluated in all knees before surgery and at the time of the latest follow-up evaluation with 45°weight-bearing posteroanterior radiographs 24 in seventeen of the eighteen patients in whom the meniscal transplant had not failed. Magnetic resonance imaging (MRI) was also done 20 in twelve of these eighteen patients in whom the radiographic evaluation demonstrated no more than moderate narrowing of the tibiofemoral joint space (IKDC grade C). One patient had a contraindication to MRI (implanted pacemaker), and another patient was unable to undergo radiographic evaluation because of pregnancy.
Subjective and Functional Assessment
The assessment of knee function at the time of the latest follow-up was performed in the eighteen patients who were seen for the long-term evaluation. The validated Cincinnati Knee Rating System 21 was used to determine knee function, symptoms, and the patient assessment of the overall condition of the knee in the same manner as the short-term evaluation.
Statistical Evaluation
Kaplan-Meier survivorship analysis was performed to estimate time-defined probabilities for survival of all forty meniscal transplants at five, seven, ten, thirteen, and fifteen years postoperatively. Two survivorship analyses were performed. The first analysis used transplant removal or revision, total or unicompartmental knee replacement, osteotomy, or pain with daily activities in the involved tibiofemoral compartment as end points. A worst-case scenario was also calculated where, in patients who did not demonstrate symptoms related to the transplant, additional end points were grade-3 signal intensity 25 , major extrusion (>50% of meniscal width), or a tear on MRI 20 ; signs of a meniscal tear on clinical examination; or complete loss of joint space in the involved tibiofemoral compartment on 45°weight-bearing posteroanterior radiographs. No patient was lost to follow-up and no transplant event was censored. Log-rank tests for equality of survival curves were conducted to compare the two survivorship analyses; these tests were also used to compare survivorship between isolated transplants and those that had concomitant procedures and survivorship between medial and lateral transplants. Paired two-tailed Student t tests, contingency table analyses, single linear regression analyses, and chi-square tests were used to determine significant differences (p < 0.05) between preoperative and follow-up data for the eighteen patients who were seen for the long-term evaluation.
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Results
Functional Outcome
T able I summarizes the comparison of preoperative scores with those obtained at the time of the latest follow-up. Although 72% had moderate or severe pain with daily activities before the operation, only 11% had such pain at the time of follow-up (Fig. 2) . The preoperative and latest follow-up results of the patient perception assessment are shown in Figure 3 . 
Total knee arthroplasty
The revision transplant was performed in this knee at 16.7 years postoperatively and was also included in the transplant revised category for more than ten years.
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Before the procedure, only one of the eighteen patients participated in sports and had severe problems with this activity. At the time of the latest follow-up, fourteen patients were participating in low-impact activities without problems, one patient was participating with limitations, two patients were not participating because of the knee condition, and one patient was not participating because of reasons not related to the knee condition.
Before the procedure, two of the eighteen patients were unable to work because of their knee condition, six patients were working with severe problems, and one patient was working without problems. The other nine patients were students. At the time of the latest follow-up, fourteen patients were working without problems, three patients were working but with severe limitations, and one patient was not working because of reasons not related to the knee condition.
With the numbers available, with one exception, there was no difference at the time of follow-up in any of the symptom or knee function factors between the nine lateral transplants and the nine medial transplants or between the nine isolated transplants and the nine that had concurrent procedures (see Appendix). The exception was a significantly higher mean pain score (p = 0.03) in the subgroup that had 
MRI and radiograph
*One patient later underwent an osteotomy. †One patient later underwent a unicompartmental knee arthroplasty. ‡The patient later underwent a total knee replacement. §The patient later underwent a transplant revision. 1212
concurrent procedures (mean [and standard deviation], 6.4 ± 1.3 points) compared with the subgroup that had isolated transplants (4.7 ± 1.7 points). However, there was insufficient power with the number of patients available to reach definitive conclusions for these analyses.
Radiographic Examination
Preoperatively, fifteen of the eighteen knees received a radiographic IKDC rating of A and three knees were rated C. At the time of the latest follow-up, two knees were rated A, eight knees were rated C, and seven knees were rated D. Deterioration of one grade occurred in two knees (from C to D), deterioration of two grades occurred in seven knees (from A to C), and deterioration of three grades occurred in five knees (from A to D). One patient did not undergo follow-up radiographic examination because of pregnancy.
Survivorship
The survivorship analysis revealed that the estimated probability of transplant survival was 88% at five years, 78% at seven years, 63% at ten years, and 40% at fifteen years ( Fig. 4 ; see Appendix). The worst-case scenario revealed an estimated probability of transplant survival of 73% at five years, 68% at seven years, 48% at ten years, and 15% at fifteen years (see Appendix). The log-rank tests revealed no significant difference (p ‡ 0.05) between these two analyses, between isolated transplants and those done with concurrent procedures ( Fig. 5 ; see Appendix), or between lateral and medial transplants ( Fig.  6 ; see Appendix).
Timing of Meniscal Transplant Failures and Reoperations
The mean time that failures were noted was 8.2 years for medial transplants and 7.6 years for lateral transplants. Reoperations related to failure of the transplants were done in twenty-one patients (Table II) . One other patient required a repair of a tear in her right lateral meniscal transplant at ten years postoperatively. Her latest examination, conducted 17.3 years posttransplant, was entirely normal.
Timing of Worst-Case Factors Related to Transplant Failures
Worst-case factors related to a rating of transplant failure in seventeen knees are shown in Table III . Four of these knees had subsequent reoperations. One knee with a medial meniscal transplant rated as failed according to MRI criteria at 5.1 years postoperatively had a high tibial osteotomy at 7.2 years postoperatively. One knee with a lateral transplant rated as failed according to MRI criteria at two years postoperatively underwent a unicompartmental knee replacement at 10.7 years postoperatively. One knee with a medial meniscal transplant rated as failed according to clinical examination criteria at five years postoperatively had a total knee arthroplasty at 13.9 years postoperatively. One knee with a lateral transplant rated as failed according to clinical examination criteria at 7.2 years postoperatively underwent a revision transplant at 13.1 years after the first transplant. Thirteen other knees received a rating of failure due to worst-case factors and, at the time of the latest follow-up, had not undergone subsequent operative procedures (Table IV) . Three of these knees received a rating of failure in the initial Survival probability estimates for medial meniscal transplants compared with lateral meniscal transplants using worst-case end points.
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T 5, 2015 report of this cohort 20 and ten knees received the rating at their long-term follow-up evaluation.
Discussion
T his study showed the long-term results and survival analysis of forty consecutive medial and lateral bone-meniscusbone transplants, with a 100% follow-up at a mean of eleven years. The short-term outcome (mean follow-up, 3.3 years [range, two to 5.7 years]) of this group of patients who were fourteen to forty-nine years of age was reported in a prospective study in 2004 20 . The initial results, analyzed with a rigorous rating system of subjective, objective, radiographic, and MRI criteria, were encouraging, as 89% rated the knee condition improved and 76% returned to low-impact activities without symptoms. Concurrent procedures were frequently required (fifteen osteochondral autografts, seven ligament reconstructions, and one osteochondral autograft and ligament reconstruction) to treat full-thickness articular cartilage damage and to restore normal knee stability. However, a 28% failure rate was reported and MRI showed a deleterious remodeling process, with increased signal intensity and a decrease in meniscal size reflecting major alterations in the native collagen structure of the meniscus. There were replacement of poorly organized collagen tissues and limited fibrochondrocytes, as described previously 22 . Despite improved patient symptoms, that study warned that the long-term function and load-sharing abilities of meniscal transplants were questionable.
The long-term analysis of this cohort revealed probability estimates of transplant survival that were 88% at five years, 78% at seven years, 63% at ten years, and 40% at fifteen years. The worst-case scenario that included MRI and radiographic failure criteria, in addition to symptoms and clinical examination, revealed transplant survival rates of 73% at five years, 68% at seven years, 48% at ten years, and 15% at fifteen years. These data provide the clinician with reasonable survival percentages with regard to the potential to delay the necessity for subsequent major procedures and to improve knee-related symptoms in younger patients who are symptomatic after meniscectomy. The results of the symptom and activity level analyses in patients without failure of the transplant showed that only 11% experienced pain with daily activities and 72% were able to participate in low-impact athletics. It is unknown whether the improvement in symptoms and knee function was related to the meniscal transplant or the effect of the concurrent procedures, which represents a limitation of this study.
Survivorship of meniscal transplants has been reported in other clinical studies (Table V) 12, 13, [16] [17] [18] [19] . It is difficult to compare these studies because of differences in graft processing and fixation, concomitant procedures, knee rating systems, and end points chosen for survival. Only one other study used MRI criteria 13 and none used radiographic criteria as end points. Previous studies did not provide the number of patients who had at least a ten-year postoperative follow-up, which represents a problem in that the survivorship data for that time period had an unknown population size. In our study, thirtyone patients had at least a ten-year postoperative follow-up. In addition, revision of the transplant was not always counted as a failure 18, 19 . To our knowledge, our study was the first to use the worst-case end points of grade-3 signal intensity, major extrusion, or a tear on MRI 20 ; signs of a meniscal tear on clinical examination; or complete loss of joint space in the involved tibiofemoral compartment on 45°weight-bearing posteroanterior radiographs in patients who did not demonstrate symptoms. There was no significant difference in the survival curves between the two analyses (worst-case compared with revision, transplant removal or revision, or osteotomy). However, it remains our opinion that function is questionable in transplants that are extruded >50% of the meniscal width or have a grade-3 signal alteration or in knees with no remaining joint space in the affected tibiofemoral compartment. There are patients who demonstrate these worst-case imaging findings who remain relatively asymptomatic for several years, and it is unknown if counseling to avoid high-impact activities but to remain physically active in low-impact activities and the absence of complications postoperatively (such as arthrofibrosis) played a role. Of the seven patients who demonstrated MRI abnormalities resulting in a rating of failure, only two required subsequent surgery (unicompartmental knee arthroplasty and high tibial osteotomy) at the time of the latest follow-up. The other five patients continued to be asymptomatic and rated the overall condition of their knee as good or excellent. No association between meniscal transplant extrusion and clinical outcomes was reported by several studies, as recently summarized elsewhere 26 . Several clinical studies on meniscal transplantation included patients who underwent concomitant procedures to address articular cartilage defects or knee ligament deficiency or to correct lower-limb axial malalignment 13, 14, 19, [27] [28] [29] [30] [31] [32] . The ability to simultaneously perform restorative articular cartilage procedures with meniscal transplantation has expanded the indications for transplantation. We previously noted this positive finding in our initial report of this current cohort, where concomitant osteochondral autograft transfer procedures performed in sixteen knees (40%) did not increase complications and produced substantial improvements in pain and functional limitations 20 . Untreated axial malalignment and knee ligament instability were noted many years ago 28, 33, 34 to be associated with failure of meniscal transplants and it is now standard procedure to either stage these operations or perform both in one setting.
Recommendations have previously been made for MRI to be acquired early after meniscal transplantation, after full weight-bearing has been resumed, to determine the initial healing, size, and extent of extrusion of the transplant 26 . Then a second MRI should be acquired later (five years postoperatively) to determine whether changes in meniscal characteristics occurred. Patients who demonstrate extrusion, shrinkage, or grade-3 signal intensity changes may be counseled with regard to the necessity to avoid athletic activities.
Meniscal transplantation is recommended after total meniscectomy in symptomatic patients under fifty years of age in whom articular cartilage deterioration is demonstrated either at arthroscopy or through imaging techniques (45°1 
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posteroanterior weight-bearing radiographs and MRI with use of proton-density, fast spin echo techniques 35, 36 ). In these individuals, in whom prior operations failed to alleviate tibiofemoral compartment symptoms, no other options currently exist. The results of meniscal transplantation have been reported to be more favorable when the procedure is done before the onset of advanced tibiofemoral joint arthrosis 35, 37 . It is important to note that most (if not all) meniscal transplants will undergo a deleterious remodeling process at different time periods postoperatively, resulting in altered mechanical properties and the potential for tearing, fragmentation, degeneration, and eventual failure 20 . One limitation of this study was the inability to compare our results of cryopreserved meniscal transplants with those of fresh-frozen meniscal transplants. However, the results may be comparable if the hypothesis is accepted that neither cryopreserved nor frozen transplants contain viable meniscal chondrocytes at the time of implantation. Cryopreservation is done with a cryopreserving agent, dimethyl sulfoxide, in an attempt to partially preserve chondrocyte viability during the freezing process from 0°C to 280°C 38, 39 . Villalba et al. 40 reported, in human menisci retrieved from patients undergoing total knee arthroplasty, significant differences (p < 0.05) in the mean cellularity between fresh specimens (14.6 ± 3.5 cells) and cryopreserved specimens (9.2 ± 2.8 cells). The cryopreserved specimens revealed empty lacunae, cytoplasmic absence and abnormalities in the nuclei, and apoptosis in the fibrochondrocytes that was significantly greater than that observed in fresh menisci; the apoptotic index was 50% ± 18% for the cryopreserved specimens and 0.8% ± 2% for the fresh menisci (p < 0.05). Gelber et al. 41 reported a wide variability in cell survival (4% to 54%) after cryopreservation of menisci retrieved from patients undergoing total knee arthroplasty. Freezing has been reported to alter the meniscal collagen net architecture when studied ultrastructurally. In a sample of thirteen menisci frozen to 280°C, Gelber et al. 42 reported significant decreases in fibril collagen diameter compared with thirteen control specimens. The frozen menisci demonstrated a higher degree of deleterious architectural changes according to the authors' scoring system, which assessed five factors. *The values were given as the mean and the standard deviation. †The scale for this category was 0 to 10 points. ‡This value was significant at p = 0.03. §The scale for this category was 1 to 10 points. #The scale for this category was 0 to 40 points. **The scale for this category was 40 to 100 points. 1216 In conclusion, at ten years postoperatively, our survivorship analysis revealed that 63% had not required subsequent major operative procedures and were asymptomatic with daily activities. However, the longer-term function of meniscal transplants remains questionable because the worst-case survivorship rate of 48% at ten years decreased to 15% at fifteen years. Patient candidates for this procedure are those in whom there are no other options for tibiofemoral joint pain after meniscectomy. They should be advised that the procedure is not curative in the long term and additional surgery will most likely be required. 
